A survey of clinical isolates from a hospital laboratory showed that Escherichia coli could be grouped into three classes of beta-lactam-antibiotic resistance by results of routine susceptibility testing to ampicillin, cephalothin, and carbenicillin. E. coli highly resistant to ampicillin and carbenicillin but not to cephalothin (class I) were found to have one of two levels of R factor-mediated, periplasmic-,8-lactamase which resembled RTEM and was located behind a permeability barrier to penicillins but not to cephalosporins. This permeability barrier appeared to act synergistically with the ,B-lactamase in producing high levels of resistance to penicillins. E. coli highly resistant to ampicillin and cephalothin but not carbenicillin (class II) were found to have a ,8-lactamase with predominantly cephalosporinase activity which was neither transferable nor releasable by osmotic shock. E. coli moderately resistant to one or to all three of these antibiotics (class E) were found to have low levels of different ,8-lactamases including a transferable ,8-lactamase which resembled R,,,6. Thus, different mechanisms producing resistance to ,B-lactam antibiotics could be deduced from the patterns of resistance to ampicillin, cephalothin, and carbenicillin found on routine susceptibility testing. E. coli of class I were much more prevalent than the other classes and the proportion of E. coli that were class I increased with duration of patient hospitalization. The incidence of class I E. coli rose only slightly over the past 7 years and that of class II E. coli remained constant despite increased usage of both cephalothin and ampicillin. These observations emphasize that the properties of the apparently limited number of individual resistance mechanisms that exist in a bacterial flora, such as their genetic mobility and linkages and the spectrum of their antibiotic inactivating enzymes and permeability barriers, may govern the effect that usage of an antibiotic has upon the prevalence of resistance to it and to other antibiotics.
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A gram-negative bacillus which is resistant to penicillin or cephalosporin antibiotics usually contains one of many different types of cellbound ,B-lactamase (7, 12, 30, 34, 42) . The levels of resistance of the bacillus to differento f-lactam antibiotics, however, often do not correlate with the rates at which these antibiotics are hydrolyzed by the 6-lactamase released from disrupted bacilli (17, 28, 30, 40) . The ,-lactamase appears to act synergistically with other resistance mechanisms, such as permeability barriers to the entry into the bacillus of some antibiotics, in producing resistance to them (28, 30, 40) . Thus, the particular ,B-lactamase together with the other resistance mechanisms that an isolate may possess appear to determine
The following studies seek to identify biochemical and genetic characteristics of the different mechanisms of resistance to 0-lactam antibiotics found in a prevalence sample of clinical isolates of Escherichia coli, the most commonly isolated of the gram-negative bacilli, and to survey prevalence of these different mechanisms in all E. coli isolates from one hospital over a 7-year period.
MATERIALS AND METHODS
The data base consisted of isolates of E. coli routinely tested for antibiotic susceptibility by the single-disk-diffusion method (16) in the Clinical Microbiology Laboratory of the Peter Bent Brigham Hospital over the 7-year period 1967-73. The format of the data file and the programs used for generating plots of frequency distribution of diameters of zones of inhibition (25) and plots of resistance prevalence by hospital day have been described. For the present studies repeat isolates from the same patient were excluded unless they differed in resistance to ampicillin. Frequency counts were made of all possible groupings of resistance to eight different antibiotics (tetracycline, chloramphenicol, streptomycin, kanamycin, sulfonamide, cephalothin, ampicillin, and carbenicillin). For Minimal inhibitory concentrations (MIC) were determined by making serial twofold dilutions of antibiotic in 2-to 5-ml volumes of glucose-phosphate broth (Albimi). Samples from each tube were then distributed in the corresponding cups of a microtiter plate (Cooke Engineering Co., Alexandria, Va.). An equal volume of diluted overnight culture was added to each cup to make final inocula of approximately 107 and 102 organisms per ml in order to measure the effect of inoculum size on levels of resistance. The plates were read after 24-h of incubation at 37 C. Determinations with the large and small inocula were made in duplicate.
Standard powders of known potency were a gift of the following: penicillin G (Upjohn Laboratories), ampicillin and Cloxacillin (Bristol Laboratories), carbenicillin (Beecham Laboratories), and cephalothin and cephaloridine (Lilly Laboratories).
Assay for ,-lactamase activity was performed according to the iodometric method of Perret (29) as described previously (17) . Michaelis constants were determined for penicillin G, ampicillin, and carbenicillin using the microiodometric method (24) , and for cephalothin and cephaloridine using the spectrophotometric method (26) measuring decrease in absorption at 255 mjy.
Enzyme preparations used were: (i) whole cell suspensions prepared by diluting overnight broth culture 1:10 in fresh broth, incubating for 3 h, then washing and resuspending the cells in 0.2 M P0, buffer, pH 6.5, with 0.5% gelatin; (ii) sonic extracts prepared by sonicating (biosonik) a whole cell suspension for four 30-s periods while refrigerating in an ice bath. The suspension was then centrifuged at 15 ,000 x g for 20 min and the supernatant was used as enzyme; (iii) osmotic shock extracts prepared according to the method of Neu and Heppel (20) as modified by Nossal and Heppel (23) .
Induction of ,B-lactamase was tested by growing bacteria for 3 h in broth containing 1 mg of penicillin G per ml before preparing sonic extracts for enzyme assay. Cloxacillin inhibition was tested by measuring hydrolysis rates of penicillin G by sonic extracts in the presence of 1 mg/ml of cloxacillin.
R factor transfer was accomplished by methods described previously (18) . Recipients used were a Klebsielka pneumoniae (K15520) and a sodium azideresistant mutant of E. coli K-12 F-(K412A.R). R factor-infected recipients were selected either on plates containing citrate as sole carbon source (K15520) or on plates containing 250 sg of sodium azide per ml (K-12A.R) and an antibiotic to which the R factor mediated resistance. To facilitate identification of R+ recipients on selector plates, transfer of R factors from wild E. coli to K-12A,R was done by first mating the wild isolate with K15520, then mating R+ K15520 recipients with K-12A,R.
RESULTS
Combined resistance to ,B-lactam antibiotics. In Fig. 1 (Fig. 2) .
Associated resistance to non-,B lactam antibiotics. Resistance to ,B-lactam antibiotics was associated frequently with grouped resistance to sulfonamide, streptomycin, tetracycline, kanamycin, and chloramphenicol (Table  2) . Eighty percent of ,B-lactam-resistant E. coli were resistant to one or more, and 42% to three or more of these antibiotics. In contrast, only col. Ninety percent of class I, but only 64% of class II and III E. coli, were resistant to one or more of these non-,B-lactam antibiotics. Chloramphenicol resistance was more frequent among class I E. coli (16%) than among class II and III (5%) or ,B-lactam-susceptible E. coli (1%) and was always associated with resistance to some other antibiotic.
Resistance levels in 62 consecutive resistant isolates. The isolates of fl-lactam-resistant E. coli which came from the 1971 survey were assigned by disk testing as described above to class I (40 isolates), class II (12 isolates), and class III (10 isolates). Serial dilution susceptibility determinations using small inocula (about 102 colonies/ml) of these isolates (Fig. 3) showed MICs of ampicillin to be high for all three classes. Carbenicillin MICs were 500-fold higher than cephalothin MICs in class I, but 16-fold lower in class II. Cephalothin MICs were generally similar to cephaloridine MICs except in class II where they were eightfold higher. E. coli isolates resistant to any one ,8-lactam antibiotic generally had higher MICs to all the other ,@-lactam antibiotics than did those isolates not resistant to any (control E. coli). When large inocula were used, MICs for class I E. coli increased most and the MICs of cephaloridine had the greatest increment (Table 3) . j%lactamase activity of sonic extracts. Class I isolates had much higher levels of ,B-lactamase activity than those of class II or Ill (Table 4) . Some of the class I isolates, subclassified IB, had distinctly greater activity than the remainder, subclassified IA. Attempts to induce additional activity by preincubation with penicillin G were unsuccessful in four isolates each from class I and II, and one from class III. Cloxacillin partially inhibited the s-lactamase activity of the class I E. coli isolates tested and completely inhibited the activity of class II isolates. In contrast, class III isolates were not inhibited by cloxacillin. Heating of sonic extracts for 5 min at 60 C caused no loss of activity for the class I isolates tested, and nearly complete loss of activity for class II and HI isolates.
The substrate profiles of ,8-lactamases from class I isolates differed substantially from those of class II and III isolates (Table 4 ). The ,8-lactamases of class I E. coli hydrolyzed cephaloridine and ampicillin at rates similar to penicillin G, but were much less active against carbenicillin, cloxacillin, and cephalothin. The ,B-lactamase from class II isolates had primarily cephalosporinase activity. Substrate profiles of the ,B-lactamases of class III isolates varied, but those from three of them had distinctively high levels of hydrolytic activity against cloxacillin.
Determinations of Km values of the 6-lactamases for a variety of substrates are shown in Table 5 . These results show that ,8-lactamase from the three class I and two class II isolates tested had much greater affinity for the penicillins than for the cephalosporins.
jB-lactamase activity of intact cells. Intact cell suspensions of class I isolates hydrolyzed penicillin, ampicillin, or carbenicillin at rates only one-tenth or less of those of their sonically treated materials (Table 6) . However, intact cell suspensions hydrolyzed cephalothin and cephaloridine at rates nearly equal to those of theit sonic extracts. In contrast, intact cell suspensions of class II hydrolyzed the cephalosporin antibiotics at rates several-fold greater than their sonic extracts, an effect observed also in some class III isolates.
Supernatant fluid of four class I isolates subjected to osmotic shock had approximately three-fourths as much enzymatic activity as their sonic extracts, whereas osmotic shock ANTimICROB. AG. CHFmoTHF.R. (40) . If the pa,tterns of such levels of resistance were sufficiently characteristic for certain mechanisms, it should be possible to infer prevalence of such mechanisms in large scale data from routine susceptibility testing. In the results presented here, routine susceptibil- Class I E. coli had an R factor-mediated ,8-lactamase which was cell bound and released by osmotic shock. It was constitutive, cloxacillin inhibited, and relatively heat stable. It hydrolyzed penicillin, ampicillin, and cephaloridine at similar rates, and had a 10-fold greater affinity for penicillin G than for cephaloridine.
As such it resembled the RTEM-type enzyme first described by Datta and Kontomichalou (4) and was designated type lIla by Richmond and Sykes (30) and type I by Sawai et al. (34, 35) .
The two levels of TEM-type fi-lactamase found in E. coli subclasses Ia and Ib are not due to host controlled gene expression (1, 32) since each plasmid mediated its characteristic level when transferred to the same E. coli K-12 recipient. Hedges et al. (11) found similarly that different R factors each conferred one of two levels of TEM-type ,B-lactamase activity. The two levels of activity may be due to structurally different enzymes as described in clinical isolates by Sawai, et al. (35) or due to repeated sequences of the amp gene on the R factor genome as produced in vitro by Odakura et al. (27) . It is unlikely that class Ib E. coli have an increased number of copies of the R factor genome per bacterium (2, 41) since their MICs for chloramphenicol and streptomycin were no higher than those of class Ia E. coli (27) .
The release by osmotic shock of the TEMtype ,8-lactamase of class I E. coli indicates that it is located between the plasma membrane and the outer cell membrane (20, 21) , in the periplasmic space as reported also by other investigators (2, 41) . Within this space the ,B-lactamase appeared located behind a permeability barrier to penicillin G, ampicillin, and carbenicillin, because intact class I cells hydrolyzed peniicillin G, ampicillin, and carbenicillin at rates that were only one-tenth those of their sonically treated extracts. This barrier appeared permeable, however, to cephalothin and cephaloridine which were hydrolyzed at similar rates by both intact cells and their sonic extracts. Chemical (9) or mutational (19) alterations in the lipopolysaccharide content of cells have been associated with changes in permeability to penicillins suggesting that the permeability barrier is probably the outer membrane.
These differences in permeability to penicillins and cephalosporins as well as differences in enzyme Km values for them probably explain why a class I isolate is resistant to ampicillin and suceptible to cephaloridine, for example, even though its ,@-lactamase hydrolyzes both antibiotics at similar maximal rates. Enzymatic hydrolysis may be more effective in keeping an antibiotic below a critical lethal concentration (Table   2) .
Alternatively, use of penicillin G may have preselected resistance to the newer ,B-lactam antibiotics before their introduction as suggested by Slocombe and Sutherland (39) . The proportion of resistant strains in hospitals may have reached a level at that time that has been difficult to exceed subsequently because of the continuing large influx of susceptible E. coli in the flora of newly admitted patients.
The biochemical and genetic characteristics of the individual resistance mechanisms may also be determinants of their prevalence. Throughout the 7 years surveyed class I isolates of E. coli remained four times as prevalent as class II isolates, which showed no tendency to rise. Yet the mechanisms of class I mediate resistance to only one of the two most commonly used of these antibiotics, ampicillin, and not to the other, cephalothin, whereas those of class II mediate resistance to both antibiotics. This resistance of class II E. coli isolates to both ampicillin and cephalothin might have been expected to give them an advantage in surviving (8) in an environment where both antibiotics are used widely. Yet the relatively low prevalence of these class II E. coli suggests that some other factor, perhaps the inability of their resistance mechanisms to be transferred, has offset this apparent survival advantage. Transferable mechanisms, such as those of class I E. coli could have become widely distributed generally in different strains of E. coli (14) and could also become established in particular E. coli serotypes as they become predominant in hospital flora (13) . Widespread resistance of E. coli to cephalosporin antibiotics may have to await the appearance of mechanisms of resistance to them that have greater genetic mobility.
The survival advantage of transferability, however, is not necessarily absolute. The R1515 type ,8-lactamase found in some class III isolates was R factor mediated and transferable but not prevalent. It also has the following two disadvantages previously discussed by Hedges et al. (11) . They found the gene for this enzyme to be on R factors of fewer different compatibility groups than the gene for the RTEM-type enzymes of class I isolates, which would tend to restrict its distribution. They also found the enzyme to be less efficient than that of RTEM, hydrolyzing ,B-lactam antibiotics at substantially lower turnover numbers. This lower efficiency is reflected in the present study by the low rates of hydrolysis observed with this enzyme and also by the low levels of resistance it mediates, which may provide only a marginal survival advantage.
